Horizontal cells feed back to cones by shifting the cone calcium-current activation range  by Verweij, J. et al.
Pergamon 
PII: S0042-6989(96)00142-3 
Vision Res., Vol. 36, No. 24, pp. 3943-3953, 1996 
Copyright © 1996 Elsevier Science Ltd. All rights reserved 
Printed in Great Britain 
0042-6989/96 $15.00 + 0.00 
Horizontal Cells Feed Back to Cones by Shifting 
the Cone Calcium-Current Activation Range 
J. VERWEIJ,* M. KAMERMANS,*t H. SPEKREIJSE* 
We studied feedback from horizontal cells to cones in isolated goldfish retinae and found that 
surround stimuli evoke an inward current and a slowly developing outward current. The surround- 
evoked currents are blocked by the glutamate antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) 
and are, like horizontal cell responses, most effectively evoked by large stimuli. This indicates that 
the currents are caused by feedback from horizontal cells. The surround-evoked inward current is 
neither blocked by picrotoxin nor carried by chloride. Instead, it is carried by calcium, and it 
triggers a slowly developing calcium-dependent chloride current. We were unable to mimick the 
surround-evoked currents by modulating the extracellular GABA concentration. We conclude that 
when horizontal cells hyperpolarize they feed back to the cones by shifting the cone calcium-current 
activation range to more negative potentials. This type of feedback, directly targeted at the calcium 
current, scarcely influences the membrane potential of the receiving neuron, but effectively 
modulates its synaptic output. Copyright © 1996 Elsevier Science Ltd 
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INTRODUCTION 
When a retinal cone is illuminated it hyperpolarizes. In 
contrast, when the cone surround is illuminated, the cone 
depolarizes (Baylor et al., 1971; O'Bryan, 1973; 
Burkhardt, 1977). The surround-induced depolarizations 
are normally small and graded, and have dynamic and 
receptive field characteri,;tics similar to horizontal cells. 
Furthermore, cones can be depolarized by injecting 
hyperpolarizing current into horizontal cells (Baylor et 
al., 1971). These findinlgs indicate that the surround- 
induced depolarizations are caused by feedback from 
horizontal cells to cones (Baylor et al., 1971; Burkhardt, 
1977). Three feedback mechanisms have been proposed. 
. Feedback is GABAA-ergic. As H1 horizontal cells 
are GABA-ergic (Lam et al., 1980; Schwartz, 1982), 
and cones have Gtd3AA-receptors (Tachibana & 
Kaneko, 1984; Kaneko & Tachibana, 1986; Yazulla 
et al., 1989), it has been proposed that feedback is 
GABAA-ergic (Kaneko & Tachibana, 1986). 
Furthermore, feedback manifestations in cones and 
horizontal cells are inhibited by GABA and by the 
GABAA antagonists picrotoxin and bicuculline 
(Murakami et al., 1982a, b; Wu, 1991). Although 
this hypothesis  generally accepted, there are some 
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. 
inconsistencies. Firstly, GABAA-ergic feedback has 
a negative sign only when the cone's chloride 
equilibrium potential (Ecl) is negative compared to 
the membrane potential. The Ecl measured in one 
mudpuppy cone was -46  mV, whilst its dark 
resting membrane potential was -48  mV (Miller 
& Dacheux, 1983). Furthermore, Ecl has been 
estimated, using different methods and assumptions, 
yielding values ranging from -65  and -47  mV 
(Attwell et al., 1983; Wu, 1991; Kaneko & 
Tachibana, 1986) to values positive to the resting 
membrane potential (Thoreson & Burkhardt, 1991; 
Burkhardt, 1993). Secondly, according to the 
GABAA hypothesis, cone surround responses 
should be associated with a conductance decrease, 
whereas an increase has been found (O'Bryan, 
1973; Gerschenfeld & Piccolino, 1980; Lasansky, 
1981). Lastly, feedback is not consistently blocked 
by GABAA agonists (Burkhardt, 1993; Piccolino, 
1995) or antagonists (Thoreson & Burkhardt, 1990; 
Burkhardt, 1993). 
Feedback is GABAB-ergic (Eliasof & Werblin, 
1989; Slaughter & Pan, 1992). In salamander cones, 
GABA acted not only on a GABAA receptor, but 
also on a GABAB receptor. The GABAB agonist 
baclofen evoked a current, with a reversal potential 
close to EK, that could be blocked by the GABAB 
antagonists phaclofen and D-amino-n-valeric acid 
(Eliasof & Werblin, 1989). D-amino-n-valeric a id 
(in combination with picrotoxin) has also been 
found to abolish the surround responses of off- 
center bipolar cells (Hare & Owen, 1990). 
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3. Feedback is electrical (Byzov & Shura-Bura, 1986). 
In the electrical feedback hypothesis, the extra- 
cellular space in the cone synaptic left has a high 
input resistance. Consequently, the glutamate-gated 
current, flowing from the extracellular space into the 
cone synaptic cleft, and into the horizontal cell 
dendrites, causes a voltage drop along the way, 
making the extracellular space near the synaptic 
release sites more negative than the extracellular 
space outside the cleft. Annular stimulation hyper- 
polarizes horizontal cells and thus increases the 
glutamate-gated current. This leads to a larger 
extracellular voltage drop and, thus, increases the 
negativity of the extracellular space near the 
synaptic release sites. As the cone membrane 
conductances, for the most part, face the extra- 
cellular space outside the synaptic left, electrical 
feedback will hardly alter the cone's membrane 
potential. However, the cone's presynaptic mem- 
brane will depolarize, and increase glutamate 
release. This surround-induced lectrical feedback 
from horizontal cells to cones is, therefore, a 
negative feedback. 
Several investigators have found, in particular in turtle 
cones, that surround illumination may lead to large 
depolarizing spike-like responses in cones (Fuortes et al., 
1973; O'Bryan, 1973; Gerschenfeld & Piccolino, 1980; 
Piccolino & Gerschenfeld, 1980). These responses were 
interpreted as calcium spikes, and it was concluded that 
surround illumination increases the calcium current in 
cones. The mechanism underlying the calcium current 
increase was not discovered, and could be either direct or 
depolarization i duced. 
The aim of this study was to describe the character- 
istics of feedback from horizontal cells to cones, as 
measured in the cones in the isolated goldfish retina. 
METHODS 
Preparation 
Goldfish sized 12-16 cm were kept at 20°C in a 12 hr 
light/12 hr dark cycle. Prior to the experiment, a fish was 
dark adapted for 8-14 min. Under dim red illumination, 
an eye was enucleated, hemisected, and the retina was 
isolated. In some later experiments he retina was placed, 
with the vitreal side down, on a millipore-filter (pore size 
1.2 #m) and vacuum was applied to remove the last of the 
vitreous humor. After all of the vitreous humor was 
sucked into the filter, the retina was gently peeled off the 
filter paper. 
Setup 
The isolated retina was mounted with the receptor side 
up, in a superfusion chamber, in a Nikon Optiphot-2 
microscope. The superfusion chamber, with a volume of 
about 0.5 ml, was continuously perfused with Ringer's 
solution at a rate of 1.5 ml/min. The retina was viewed 
using infrared light, a 40× water immersion objective 
lens, Hoffman modulation contrast optics, and a video 
camera. The light stimulator consisted of three indepen- 
dent channels. The intensity, wavelength, and timing of 
the light stimuli produced by these channels were 
controlled by respectively; neutral density filters (NG, 
Schott, Mainz, Germany), interference filters (standard, 
Ealing Electro-Optics, Watford, U.K.), and electronic 
shutters (Uniblitz VS14 and VS25, Vincent Associates, 
Rochester). Of the three channels, two were fed by a 
450 W Xenon lightsource (Osram) and projected onto the 
retina through the objective lens. The maximum stimulus 
diameter of these two channels was 250 #m. The third 
channel consisted of light from a 100 W halogen bulb 
(Osram), projected through the condenser. The maximum 
stimulus diameter of this channel was 4.5 mm. All 
intensities are relative to 2 × 1019 quanta/sec/m 2. 
Solutions 
The control Ringer's solution contained (in mM) 102 
NaC1, 28 NaHCO3, 2.6 KC1, 1.0 MgCI2, 1.0 CaC12, 5.0 
glucose. In cesium Ringer's olution, 15 mM of the NaCI 
was replaced by 5mM CsC1 and 10mM TEACI. 
Pharmacological agents were added to the Ringer's 
solution. The Ringer's was continuously gassed with a 
mixture of 02 and CO2 such that the pH was 7.8 (c. 97.5 
and 2.5%, respectively). Low chloride pipette solution 
(Ec l=-72mV)  contained (in mM) 70 Cs2SO4, 1 
MgC12, 0.1 CaC12, 4 TEAC1, 1 EGTA, 4 HEPES, 4 
ATPNa2, 1 GTPNa2, 0.1 cGMPNa, 20 phosphocreatine, 
50 U/ml creatinephosphokinase. M dium chloride pip- 
ette solution (Ec l=-45  mV) contained (in mM) 61 
Cs2SO4 and 12 CsC1 (instead of 70 Cs2SO4). High 
chloride pipette solution (Ecl= --20 mV) contained (in 
mM) 40 Cs2SO4 and 42 CsCI (instead of 70 Cs2SO4). All 
chemicals were obtained from Sigma, except for the 
GABA carrier blocker SKF 89976-A which was a kind 
gift from Smith Kline Beecham, and the kainate/AMPA 
glutamate receptor antagonist 6,7-dinitroquinoxaline- 
2,3-dione (DNQX), that was obtained from Tocris 
Neuramin. 
Whole cell recordings 
Patch pipettes were fabricated from borosilicate tubing 
(GC150TF-10, Clark, Pangbourne Reading, U.K.), pulled 
on a P-87 Sutter puller (Sutter Instruments, Novato, CA), 
and had resistances of5-7 Mr2 when filled with electrode 
solution and placed in the Ringer's solution. The pipette 
was attached to the inner segment of cones in the isolated 
retina. The seal resistance was usually >4 GQ. The patch 
was broken by applying 100 msec steps of 40 pA positive 
current. This current rapidly polarizes the patch to about 
+200 mV, at which potential the patch becomes unstable, 
as judged by the irregular voltage readings. Next, short 
pulses of increasing vacuum were applied until the patch 
was broken, and the membrane polarization due to the 
current pulses was instantly reduced (up to plus 30 mV). 
This prevented further damage to the cone membrane. 
The series resistance of 7-20 Mr2 was not compensated 
for. Junction potentials were corrected for (Fenwick et 
al., 1982). The cone membrane currents were recorded in 
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whole cell mode using a DAGAN 3900A integrating 
patch clamp amplifier. The currents and potentials were 
sampled, using a CED 1.401 AD/DA computer interface 
(Cambridge Electronic Design Limited, Cambridge, 
U.K.). The interface wa,; also used to control the patch 
clamp amplifier and the optical stimulator. 
Classification of cones 
Cells were visually classified as cones by the shape of 
their outer segments. Cones were stimulated, for 
400 msec, with 200/~m light spots of various wave- 
lengths (458, 536 and 621 nm) and intensities, and 
classified according to their spectral sensitivity. After this 
classification only monochromatic 496 nm light-stimuli 
were used. 
a b 65 I~m 
200 lam 4.5 mrn 
~ _ ~  10 mV .. 500ms 
FIGURE 1. (a) Direct light-response of a long wavelength sensitive 
cone to a 200 #m spot of light (458 nm, - 1.5 log), flashed on for 
400 msec. The membrane potential in the dark was -35  mV. 
(b) Response to a 4.5 mm spot of light (496 nm, - 1.8 log), flashed 
on for 400 msec, while the cone's direct light-response was saturated 
by a continuous 65 #m spot of light centered on the cone (496 nm, 
0 log). The membrane potential with only the 65 gm spot was 
- 45 mV. 
Experimental protocols 
Voltage clamp experinaents were only started when the 
current-voltage r lation (IV) was stabilized, which took 
up to 10 min. Two protocols were used. In the first 
protocol the cone was illuminated with a 65 #m spot of 
light (0 log), clamped at - 50 mV, and stepped to various 
potentials for 1500 msec, and the current responses to 
500 msec flashes of a 4.5 mm spot of light ( -  1.8 log) 
were determined. In these experiments he current signal 
was low pass filtered at 200 Hz and sampled at 500 Hz. In 
the second protocol a cone was illuminated with a 65 #m 
spot of light (0 log), clamped at -- 78 mV and stepped to 
various potentials for .40 or 50 msec. The sustained 
currents were plotted against he step potential. The IV 
was then determined with the 65/~m spot, with the 65 #m 
spot plus a 4.5 mm spot ( -  1.8 log), and again with only 
the 65/~m spot. In experiments of this kind the current 
signal was low pass filtered at 2 kHz and sampled at 
10 kHz. A similar protocol, however, with only the 
65/~m spot, was used to measure the cone-IV in the 
pharmacological experinaents. 
RESULTS 
Light-induced responses in cones 
The results were predominantly obtained from cones 
that were classified as long wavelength sensitive (46%), 
and from cones of undetermined spectral type (40%). 
Only a few results were obtained from cones that were 
classified as short- or middle-wavelength sensitive (7% 
each). The properties of feedback to these various groups 
were equal. The cones were, therefore, treated as one 
group. Figure l(a) shows the response of a cone to a 
400 msec flash of a 200 #m spot (458 nm, -  1.5 log). 
Cones typically hyperpolarized, to such a stimulus, by up 
to 20 mV from a dark resting membrane potential 
(around -40  mV). Under the conditions used in this 
study, the direct light responses were lost or strongly 
reduced within a few minutes after breaking the seal. In 
order to reveal the surround-evoked responses, we 
suppressed the remaining direct light responses by 
saturating them with a bright (0 log) small (65/~m) spot, 
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FIGURE 2. (a) Current responses of a cone, voltage clamped at -- 57, - 52, - 47, - 42, -- 37, -- 32, - 27, - 22, and -- 17 mV, 
to the same surround ,;timulus as in Fig. l(b) (Ecl= - -72 mV). (b) The initial surround-evoked currents from (a), plotted against 
the holding potential. The initial surround-evoked current was defined as the difference between: (1) the average of the current 
100 msec after the start of the 4.5 mm stimulus and the current at the end of the 4.5 mm stimulus; and (2) the average of the 
current just before the 4.5 mm stimulus and the current 100 msec after the ending of the 4.5 mm stimulus. 
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FIGURE 3. The large-spot induced current is post-synaptic. (a) Adding 10 #M DNQX to the medium abolished the large-spot 
evoked current reversibly. (b) The average normalized current (maximal inward current = -1 )  induced by DNQX. The 
individual DNQX induced currents (n = 3) had a similar voltage dependency, but different peak amplitudes ( - 22, - 28, and 
- 65  pA) .  
centered on the recorded cone. This spot size is large 
enough to effectively stimulate cones (Baylor et al., 
1971), but too small to effectively stimulate the 
horizontal cells (Norton et al., 1968; Kamermans et al., 
1989) or to saturate feedback to cones (Murakami et al., 
1982b). Figure l(b) shows that, under these conditions, a 
cone depolarizes to a 400 msec flash of a 4.5 mm spot 
( - 1.8 log). In the rest of this paper we will describe the 
nature of this "surround-evoked response", for the most 
part using this stimulus protocol. 
Surround-evoked currents 
To determine the IV of the surround-evoked response, 
cones were clamped to various potentials, and the 
surround-induced currents were determined [Fig. 2(a)]. 
No surround-evoked currents were found at potentials 
between -90  and -55  mV. For potentials around 
-45  mV the surround-evoked current seemed to consist 
of two components; an initial inward current and a slowly 
developing secondary outward current. At more positive 
holding potentials the initial inward current was reduced 
and the secondary current disappeared. Next, we will 
look at the nature of these currents. 
The initial inward current 
In Fig. 2(b) the amplitude of the initial surround- 
evoked current of Fig. 2(a), is plotted against he holding 
potential. The initial surround-evoked current was only 
present for holding potentials positive to - 60 mV, and it 
peaked for potentials close to -40  mV. To test whether 
this current was independent of horizontal cell activity, 
we blocked the glutamatergic nput to the horizontal 
cells, with 10 #M DNQX (Honore et al., 1988; Yang & 
Wu, 1991). In Fig. 3(a) the amplitude of the initial inward 
current of a cone is plotted against he holding potential 
for three conditions; control, 10#M DNQX, and 
recovery. The surround-evoked current completely dis- 
appeared in 10 #M DNQX, and recovered after a wash. 
Similar results were found in 11 of the 12 cones tested 
this way. The initial inward current was also blocked by 
20/aM kainate (two of three). Besides blocking surround- 
evoked currents, DNQX also evoked a sustained current 
similar to the initial surround-evoked current [Fig. 3(b)]. 
This was to be expected as DNQX, like surround light, 
hyperpolarizes horizontal cells (Yang & Wu, 1991; 
unpublished results). 
A final indication that the initial surround-induced 
current is due to feedback from horizontal cells is the 
spatial dependence of the current (Fig. 4). The feedback 
amplitude increased with increasing diameter of the 
surround spot up to a diameter of 3--4 mm (n = 3), which 
is similar to the receptive field size of horizontal cells 
(Norton et al., 1968; Lamb, 1976). 
Is the surround response in cones GABAA-ergic ?
The GABAA feedback hypothesis assumes that the 
surround-induced current is due to the closure of a 
chloride conductance, and thus depends on Ecl. However, 
the currents measured with standard (Ecl =-72  mV, 
n = 10) and with high chloride-pipette solution 
-10 
< 
"E -2O 
,3 
-30 
-40 
2 3 4 5 
Spot diameter in mm 
FIGURE 4. Spatial dependence of the surround-evoked current. The 
surround-evoked currents (holding potential - 47 mV, 
Ee l=- -20mV)  vs the diameter of the surround spot (496 nm, 
- 1.8 log). The saturating spot was kept constant (65 #m, 0 log). 
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FIGURE 5. (a) The surrouncl-evoked initial currents of two cones, 
using pipette solutions, with calculated chloride equilibrium potentials 
of - 72 and - 20 mV, respectively. (b) The surround-evoked currents 
remained in the presence of 200 #M picrotoxin. Although, in this 
experiment, he current in picrotoxin was somewhat smaller than the 
control current, this was not a .general finding in all tested cells (n = 6). 
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(Ecl = -20  mV, n = 6) were very similar [Fig. 5(a)], and 
were not blocked by picrotoxin (n = 6) [Fig. 5(b)]. This 
indicates that the surround-evoked initial inward current 
is neither mediated by a GABAA-receptor nor carried by 
chloride. 
To determine whether cones are sensitive to GABA, 
200 #M GABA was applied to the retina. The average 
GABA induced current [Fig. 6(a)] was linear and the 
reversal potential corre,;ponded well with the chloride 
equilibrium potential in the cones ( -20  mV), indicating 
that cones have a GABA-gated chloride conductance. 
FIGURE 6. Cones have a GABA-gated chloride conductance, but 
GABA evokes no current in cones in the presence of picrotoxin and the 
GABA-transporter blocker SKF 89976-A. (a) The current evoked in 
cones by 200/tM GABA (average of nine cones, Ea  = -20  mV). 
(b) The current evoked by 200/tM GABA, when 20 #M DNQX, 
100 #M picrotoxin and 20/~M SKF 89976-A are present in the bath 
(average of seven cones, Ec l= -45  mV). 
This current was, however, not modulated by surround 
illumination [see Fig. 5(a) and (b)]. 
Next, we wanted to test whether cones have GABAB- 
like receptors. Considering the pharmacology of the 
Surround stimulation Depolarization 
a c 
. . . . . . . -  
-40 mV -.,.-,,~ j -40 mV 
Ec:72 mV 
b 
-50 mV 
f 
50 pA [200 ms EcI-20 mV 
-31 mV 
Eci-72 mV 
d 
/ -47 mv 
-50 mV ~ 
ECI-20 mV 
FIGURE 7. Surround stimulus evokes a net calcium influx in voltage clamped cones. (a) Cone clamped at -40  mV, 
Eel = -- 72 mV. The initial surround-evoked inward current was followed by a secondary outward current and an outward tail 
current. (b) Cone clamped at -- 50 mV, Ea  - 20 mV. The initial surround-evoked inward current was followed by a secondary 
inward current and an inward tail current. (c) Current responses of the cone from (a), held at - 40 mV, to depolarizing steps of 3, 
6, and 9 mV. Slowly developing outward currents and outward tail currents were evoked. (d) Current responses of a cone 
clamped at --50 mV (Ea = --20 mV), to depolarizing steps of 3, 6, and 9 mV. The 6 and 9 mV depolarizing steps evoked 
inward currents and inward tail currents. The light stimulus was equal to that of Fig. l(b). 
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FIGURE 8. The secondary current is a calcium dependent chloride 
current. A cone was clamped at -45  mV, Ec l= --72 mV. In the 
control condition the surround-evoked initial inward current was 
followed by a secondary outward current. The secondary outward 
current almost disappeared after 100/tM niflumic acid, a blocker of 
calcium-dependent chloride currents, was added to the medium. The 
effect of niflumic acid was not fully reversible. The light stimulus was 
equal to that of Fig. l(b) except for the timing. 
GABAB-like receptors on bipolar cell terminals in 
goldfish (Matthews et al., 1994), we applied the GABA 
agonist CACA (40/~M) in the presence of picrotoxin. 
CACA neither induced a current nor blocked the 
surround-evoked current. 
Lastly, we considered that GABAB-like receptors 
might already saturate at low GABA concentrations, 
and that GABA-evoked currents in cones may be 
indirectly caused by the stimulation of GABAA or c 
receptors, or GABA transporters, on horizontal cells 
(Kamermans & Werblin, 1992; Yang & Wu, 1993; Dong 
et al., 1994). Therefore, we first tried to lower the 
endogenous GABA concentration by hyperpolarizing the 
horizontal cells, with 20/~M DNQX. Furthermore, torule 
out indirect effects of GABA, we also applied picrotoxin 
(100 ~M) and the GABA transporter blocker SKF 89976- 
A (20 ,uM). Under these conditions 200 #M GABA did 
not evoke any current in cones [Fig. 6(b)]. 
The secondary outward currents 
Figures 7(a,b) show the current responses of two cones, 
to the surround stimulus, using pipette solutions with Eo  
at -72mV and -20  mV, respectively. In the cone 
recorded with Ect at -72mV,  the surround-evoked 
inward current triggered a slowly developing outward 
current [Fig. 7(a)], whereas with Ecl at -20  mV it 
triggered a slowly developing inward current [Fig. 7(b)]. 
Similar results were obtained in most cones that showed 
surround-evoked responses. Similar currents could be 
evoked by depolarizing voltage steps [Fig. 7(c and d)]. 
These results indicate that the slowly developing currents 
are calcium-dependent chloride currents (Barnes & 
Deschenes, 1992), and that the necessary rise in 
intracellular calcium can be evoked either by depolariz- 
ing steps or by surround illumination, even under voltage 
clamp conditions. Consistent with this hypothesis, 
100 pM niflumic acid, a blocker of calcium-dependent 
chloride currents (Barnes & Deschenes, 1992), blocked 
the slowly developing secondary current (Fig. 8). 
Calcium current in cones 
Next, the calcium current in the cones was estimated. 
In these experiments the Ringer's solutions contained 
5mM CsC1 and 10mM TEAC1, to block Ih and 
potassium currents (Barnes & Hille, 1989), and 20 pM 
< 
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FIGURE 9. Calcium current in cones. (a) Current responses of a cone to 40 msec voltage steps from a holding potential of 
-76  mV in Ringer's solution containing 5 mM CsC1, 10 mM TEAC1, and 20 #M DNQX. The step voltage ranged from --86 
to +15 mV, in steps of 6 mV. (b) Estimated cone calcium current [based on (a)]. The current, during the last 10 msec of 
every voltage step, was corrected for the leak conductance (as determined between -80  and -71  mV) and plotted against 
the step potential. The curve was fit with a linear current, multiplied by a sigmoidal activation curve; 
/ca = (Vm - -  Eca  ) • gca  ' (1/(1 + e (Vm - -  A ) /B) )  (Barnes et al., 1993), with /ca = calcium current (pA), Vm = step potential 
(mV), Eca= reversal potential calcium current (mV), gca ----" linear calcium conductance (nS), A = potential of half-maximal 
activation (mV), B = slope factor (mV). For this cone, the reconstructed half-activation potential was - 40 mV, and the slope 
factor was - 7.7 mV. The average half activation potential of five cones was - 35.8 _+ 3.5 mV, the average slope factor of these 
five cones was -8 .3  + 0.6 mV. 
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FIGURE 10. Surround illumination causes ashift of the dip in the cone-IV to more negative potentials. (a) Current responses of 
a cone illuminated by the 65/~m spot, held at - 78 mV, and stepped for 50 msec to potentials ranging from - 88 to 10 mV. 
(b) lVs of the cone from (a) for spot illumination, and for spot plus surround illumination. 
DNQX, to block synaptic transmission. Under these 
conditions we would expect the whole cell IV to be 
dominated by the calcium current and by the quite linear 
cGMP-gated conductance in the outer segment (that was 
suppressed by the 65/~m spot) (Barnes & Hille, 1989; 
Lasater & Witkovsky, 1991; Picones & Korenbrot, 
1995). Figure 9(a) shows the current responses of a 
voltage-clamped cone 1:o 40 msec voltage steps. The 
sustained current correGed for the leak conductance (as 
determined between -80  and -71mV)  and plotted 
against he step potential, is an estimate of the calcium < 
current IV [Fig. 9(b)] (Barnes et al., 1993). This estimate 
was fitted with a linear current multiplied by a sigmoidal "E 
activation curve. For this. cell the half-activation potential 
was -40  mV. On average the reconstructed calcium- O 
current half-activation potential was 35.8 ___ 3.5 mV 
(n = 5). 
Next, we determined how surround illumination 
modulates the calcium current. Figure 10 shows IVs of 
a cone, continuously stimulated with a 65/tm saturating 
spot, or with a 65 #m saturating spot plus a 4.5 mm spot, = . o 
respectively. The main difference in the IVs with and > 
without surround stimulation is the position of the dip in :~ 
the IV which is typical for the calcium current. Similarly "E 
measured IVs of three cones were averaged and used to 
estimate the calcium current [Fig. ll(a)], and the 
calcium-current activation curve [Fig. ll(b)]. The E= 
deduced half-activation potentials were -31  mV, for _5 
cones illuminated by a saturating 65/~m spot, and 
-38.5 mV for cones illuminated by the spot plus the 
surround stimulus. 
spatial characteristics similar to horizontal cell responses. 
The results are consistent with previous reports that 
indicate that the surround responses in cones are due to 
feedback from horizontal cells (Baylor et al., 1971; 
O'Bryan, 1973). However, although it seems improbable, 
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DI I~CUSSION 
The surround-evoked current is caused by non-GABAA- 
ergic feedback from horizontal cells 
We have shown that the surround responses in goldfish 
cones consist of two components; an initial inward 
current and a slowly developing secondary current. The 
surround responses in cones disappear after blocking 
kainate/AMPA type glutamatergic transmission, by 
DNQX. This indicates that the responses are post- 
synaptic. Furthermore, the surround responses have 
FIGURE 11. (a) The average leak subtracted IV of three cones, with 
and without feedback stimulus. The leak subtraction procedure 
removed the linear part of the IV, as determined for holding potentials 
between -60  and -70  mV. The leak subtracted currents of three 
cones were normalized to the average peak amplitude, and averaged. 
The error bars represent the standard error of the three normalized leak 
subtracted currents, as the individual currents had very similar shapes 
but quite different amplitudes. (b) The data from (a) were divided by 
the linear currents that best fitted the data between -2  and 15 inV. 
These curves were interpreted as estimates of the calcium-current 
activation curves. The estimated half-maximum activation potentials 
of the calcium currents were -31  and --38.5 mV, respectively, 
without and with surround stimulus. 
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we cannot rule out that other cells with large receptive 
fields, for instance interplexiform cells, are involved. 
As applying picrotoxin and altering the chloride 
equilibrium potential in the recorded cone hardly 
influenced the surround-evoked currents, the surround- 
evoked currents cannot be due to a GABA-gated chloride 
current. Moreover, using several approaches, we found 
no evidence at all for the involvement of any GABA- 
ergic mechanism in the generation of the surround- 
evoked currents. 
GABAA receptors on cones 
Dissociated turtle cones have been shown to possess 
GABAA-receptors (Tachibana & Kaneko, 1984; Kaneko 
& Tachibana, 1986). This study indicates that GABAA- 
receptors are present on goldfish cones, but that they are 
not modulated by surround stimulation. The reasons for 
this could be the following: firstly, the adaptation state of 
the retina may have been unfavorable for GABAA-ergic 
feedback. The retina was light adapted, whereas GABA 
release is maximal in dark adapted retinas (Yazulla, 
1985). This would, however, mean that GABAA-ergic 
feedback to cones is not active in the light adapted retina. 
Secondly, as the density of GABAA-receptors on the 
cone is presumably the highest in the membrane of the 
synaptic-terminal that is not facing the synaptic cleft 
(Yazulla et al., 1989), the cone's GABAA-sensitivity may 
be nonsynaptic. Instead, the GABAA-receptors may be 
involved in, for instance, the relatively slow processes of 
light and dark adaptation. As GABA-release is raised in 
dark adapted retinas (Yazulla, 1985), GABAA-receptors 
on cones might shunt the synaptic transmission of cones 
in the dark adapted retina, and thus function as a switch 
from cone to rod vision. 
The initial surround-evoked current is carried by calcium 
Surround stimulation increases the calcium concentra- 
tion in the cones, as monitored by the calcium-dependent 
chloride current. The mechanism seems to act directly on 
the calcium current in cones, as the experiments were 
performed under voltage clamp conditions. However, 
could the results also be explained by an insufficient 
space clamp of the cone? In that case, feedback would 
still depolarize the cone synaptic terminal and give rise to 
a voltage-dependent calcium influx. However, the IV of 
the initial surround-evoked current shows that feedback 
induces no currents between --90 and -60  mV. The 
current necessary todepolarize the cone would, therefore, 
need to have a very unusual, strongly voltage-dependent, 
IV. However, no current with the appropriate properties 
has been found in cones (Barnes & Deschenes, 1992; 
Maricq & Korenbrot, 1990; Lasater, 1991). 
Furthermore, we estimate the cone axon resistance to 
be quite low. Most goldfish cone-axons have a length of 
<20/~m and a diameter of 0.9-2/tm (Stell & Harosi, 
1976). Given these dimensions, and an intracellular 
specific resistance of 20-200 f2cm, we estimated the 
axon resistance to be between 1.4 and 57 Mff2. The input 
resistance of a sample of 15 cones was 199 __+ 77 MQ. 
Using values for specific membrane resistance of 500- 
5000 ~2cm 2,we estimate the length constant of the cone 
axon to be between 100 and 1100/~m, which is several 
times the length of the cone axon. 
The cone calcium current 
The estimated cone calcium-current half-activation 
potential was -35.8 _+ 3.5 mV. The estimated calcium 
currents in the standard Ringer's solution were half 
activated at -38.5 and -31mV,  with and without 
surround illumination, respectively. Although these 
estimates do not represent pure calcium currents, our 
data indicate that the cone calcium-current half-activa- 
tion potential in the intact retina is around -35  mV. 
In previous studies, the cone calcium-current half- 
activation potentials range from about - 10 to - 20 mV 
in dissociated salamander (Barnes & Hille, 1989; Barnes 
& Bui, 1991; Rieke & Schwartz, 1994), lizard (Maricq & 
Korenbrot, 1988) and turtle cones (Lasater & Witkovsky, 
1991). The calcium-current half-activation potential in 
monkey cones is about -45  mV (Yagi & MacLeish, 
1994). The large disparity may be explained in various 
ways. Firstly, by differences in the pH of the external 
solutions. Increasing the pH of the external solution from 
7 to 8 results in a linear shift of the cone calcium-current 
activation midpoint from approx. -3  to approx. 
- 19 mV (Barnes & Bui, 1991). The external pH values 
in previous studies were 7.1 (Lasater & Witkovsky, 
1991), about 7.3 (Yagi & MacLeish, 1994) and 7.4 
(Maricq & Korenbrot, 1988; Barnes & Hille, 1989; 
Barnes & Bui, 1991). The Ringer's solution used in this 
study had a pH of 7.8. The difference in pH may thus 
account for about 8 mV difference in half-activation 
potential. Secondly, most previous tudies used external 
Ca 2÷ or Ba 2÷ concentrations between 3 and 20 mM, to 
increase the size of the calcium (barium) current. 
Increasing the concentration of divalent ions in the 
external solution is known to shift the voltage dependen- 
cies of many voltage-dependent currents to more 
depolarized potentials, by up to tens of millivolts 
(Kostyuk et al., 1982; Hille, 1992). This may have been 
the reason for the depolarized half-activation potentials, 
in the studies using raised Ca 2÷ or Ba 2÷ concentrations 
(Maricq & Korenbrot, 1988; Barnes & Hille, 1989; 
Barnes & Bui, 1991; Lasater & Witkovsky, 1991; Rieke 
& Schwartz, 1994). Lastly, the use of an intact system, in 
which the calcium current is modulated by horizontal cell 
activity, may have caused a shift in the half-activation 
potential. 
The above arguments indicate that the more negative 
calcium-current half-activation potentials, as found by 
Yagi and MacLeish (1994) and by us, may be 
physiologically more realistic than the more positive 
ones. This would explain why the cone calcium-current 
activation range, determined in dissociated cones and 
under unphysiological circumstances, seems too depolar- 
ized to account for the calcium-dependent synaptic 
transmission at physiological membrane potentials (Yagi 
& MacLeish, 1994; Rieke & Schwartz, 1994). 
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Mechanism of shifting the calcium-current activation 
range 
Many transmitters have been shown to shift the 
calcium-current activation range (Anwyl, 1991; Ayoub 
& Matthews, 1992; Barnes et al., 1993; Matthews et al., 
1994; Kurenny et al., 1994). We will consider some 
transmitters that could be involved in shifting the cone 
calcium-current activation range: 
1. Nitric oxide (NO). NADPH-diaphorase, a marker for 
nitric oxide syntha:se, is present in H1 horizontal 
cells in the carp retina (Weiler & Kewitz, 1993). NO 
synthesis is increased by intracellular calcium 
(Bredt & Snyder, 1992). NO passes through 
membranes rapidly, and stimulates oluble guany- 
late cyclase, an enzyme present in photoreceptors 
(Ahmad & Barnstable, 1993). The inner segments 
and synaptic processes in cones contain a cGMP 
gated nonspecific ation channel that is permeable 
to calcium (Rieke & Schwartz, 1994). Furthermore, 
NO can also increase the rod calcium-current cGMP 
independently (Kurenny et al., 1994). Surround 
illumination hyperpolarizes horizontal cells and 
reduces the calciura influx, and probably also the 
NO production in horizontal cells. We would expect 
this reduction of NO to reduce the calcium influx in 
cones. This contrasts with our findings. Therefore, 
for NO to function as the feedback transmitter, NO 
production must either be enhanced by hyperpolar- 
ization of horizontal cells, or NO must inhibit the 
calcium current in cones. 
2. Extracellular proton concentration. The calcium 
current is known to be very sensitive to the 
extracellular proton concentration; extracellular 
alkalosis shifts the cone calcium current to more 
negative potentials (Barnes & But, 1991). Further- 
more, neural excita~tion a d neurotransmitter uptake 
processes may involve pH changes (Chesler, 1990; 
Bouvier et al., 1992; Dixon et al., 1993). Therefore, 
protons are a likely neurotransmitter candidate. 
3. Glutamate. Glutamate is known to inhibit neuronal 
calcium currents (Anwyl, 1991). However, it is 
generally assumed that horizontal cells only sense, 
and do not directly influence, the glutamate 
concentration i the cone synapse. In contrast with 
this view, a studly using glutamate antibodies 
suggested that horizontal cells take up glutamate 
upon depolarization (Schutte & Schlemermeyer, 
1993). However, with this mechanism, surround 
stimulation would inhibit, rather than enhance, 
calcium currents. Therefore, glutamate would need 
to be taken up by horizontal ceils upon depolariza- 
tion, and increase the cone calcium-current, o 
explain the horizontal cell induced surround- 
responses in cones. 
4. Electrical feedback from horizontal cells (Byzov & 
Shura-Bura, 1986). As argued in the introduction, 
electrical feedback to cones increases with the 
horizontal cell synaptic current, and increases the 
cone calcium current. According to the electrical 
feedback hypothesis, blocking the horizontal cell 
synaptic urrent with DNQX should abolish elec- 
trical feedback, and thus decrease the cone calcium 
current. In contrast, according to the feedback 
hypotheses in which horizontal cell hyperpolar- 
ization causes the increase of the cone calcium 
current, DNQX would mimic surround illumination 
and increase the calcium current. From Fig. 3(b) it is 
clear that DNQX and surround illumination evoke 
similar currents. Electrical feedback is therefore not 
the explanation for the surround-evoked currents. 
Summarizing 
When surround illumination hyperpolarizes horizontal 
cells, feedback from horizontal cells shifts the cone 
calcium-current activation, and thus the range of optimal 
synaptic transmission, to more negative cone potentials. 
The resulting inward calcium current will raise the 
intracellular calcium concentration, and will slightly 
depolarize the cone. The rise in calcium triggers a 
calcium-dependent chloride current. The net cone 
membrane polarization, due to feedback, will remain 
small if the chloride equilibrium potential is close to or 
more negative than the resting membrane potential. 
This feedback mechanism solves most of the con- 
troversies concerning feedback. Firstly, the chloride 
equilibrium potential does not determine the sign of 
feedback, as feedback acts directly on the calcium 
current. Secondly, surround illumination is associated 
with a conductance increase for both calcium and 
chloride. Lastly, feedback is not consistently blocked 
by GABAA-antagonists as it is not GABAA-ergic. 
GABAA-antagonists may affect feedback as they act on 
GABA receptors on horizontal cells or on cones. 
This study shows, for the first time, that neuromodu- 
latory shifting of the calcium-current activation range, as 
can be induced in dissociated neurons by various agonists 
(Anwyl, 1991; Barnes & But, 1991; Ayoub & Matthews, 
1992; Kurenny et al., 1994; Matthews et al., 1994) also 
occurs in the intact system. This type of neuromodulation 
may strongly influence synaptic transmission, while 
scarcely changing the membrane potential of the pre- 
synaptic ell. 
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